Recent advances in materials syntheses have enabled 3-LiVOPO 4 to deliver capacities approaching, and in some cases exceeding the theoretical value of 305 mA h g À1 for 2Li intercalation, despite its poor electronic and ionic conductivity. However, not all of the capacity corresponds to the true electrochemical intercalation/deintercalation reactions as evidenced upon systematic tracking of V valence through combined operando and rate-dependent ex situ X-ray absorption study presented herein. Structural disorder and defects introduced in the material by high-energy ball milling impede kinetics of the highvoltage V 5+ /V 4+ redox more severely than the low-voltage V 4+ /V 3+ redox, promoting significant side reaction contributions in the high-voltage region, irrespective of cycling conditions. The present work emphasizes the need for nanoengineering of active materials without compromising their bulk structural integrity in order to fully utilize high-energy density of multi-electron cathode materials.
Role of disorder in limiting the true multi-electron redox in 3-LiVOPO 4 which limits its energy density to 520 W h kg À1 . The efforts are ongoing to push this limit further by partial substitution of Co with Mn, Ni and Al, giving rise to materials commonly referred to as NMC 4 and NCA, 5 in addition to exploring anionic redox activities.
6-9 LiFePO 4 , on the other hand, offers improved safety and stable capacity of $170 mA h g À1 on cycling. These advantages are, however, offset by an increase in the weight due to heavier PO 4 groups and a lower operating voltage ($3.4 V vs. Li/Li + ) which cap the energy density of LiFePO 4 at 586 W h kg
À1
. 3 One way of overcoming the current limitations on energy density is to explore cathode chemistries capable of multi-electron transfer per transition-metal redox center.
To that end, vanadyl phosphates seem attractive as V can assume a variety of oxidation states ranging from 2+ to 5+. Since Lim et al. 10 rst examined the possibility of multi-electron redox in vanadyl phosphates, various polymorphs of VOPO 4 have been investigated as candidate cathodes for Li-ion batteries.
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Following the work of Azmi et al.
14 which demonstrated the 3 polymorph with triclinic structure (oen referred to as a polymorph in some literature 13, 25, 28 ) as the promising candidate, both 3-VOPO 4 and its lithiated counterpart, 3-LiVOPO 4 , have received increased attention of the battery community. However, most of the literature concerning 3-LiVOPO 4 is either focused at achieving reversible intercalation of the second Li (i.e., 3-Li 1+x VOPO 4 with 0 # x # 1) in the low-voltage region of 1.6-3.5 V or that of the rst Li (i.e., 3-Li x VOPO 4 with 0 # x # 1) in the high-voltage region of 3.0-4.5 V, separately. 11, 20, 21, 23, 24, 27, 28, 32, 33 It should be noted that achieving full capacity corresponding to 1Li either in the low-or high-voltage region would render vanadyl phosphates only at par with the currently existing LiFePO 4 or layered LiMO 2 (M ¼ Ni, Mn, Co, Al) at best, and any efforts in exploring/optimizing vanadyl phosphates are justied only if reversible intercalation of 2Li in the full-voltage range of 1.6-4.5 V which corresponds to the energy density of $900 W h kg À1 , is realized. Multi-electron redox in 3-LiVOPO 4
has not been explored until very recently 28,31 due to poor electronic and ionic conductivity of the material, 21 for which, nanosizing of active particles via high-energy ball milling is recommended, 11, 13, 17, 31 but success is limited. 34 In contrast, 3-VOPO 4 has demonstrated encouraging electrochemical performance for multi-electron transfer since the beginning 16, 22, 26, 30, 35, 36 and recently, Whittingham and coworkers achieved the full theoretical capacity for reversible intercalation of 2Li in This leads to an intriguing question as to what enables the full multi-electron redox in 3-VOPO 4 , but not in 3-LiVOPO 4 when both materials essentially follow similar reaction pathways during electrochemical cycling.
In the present work, we exploit the element-selective nature of X-ray absorption spectroscopy (XAS) to investigate the factors limiting multi-electron redox in solid-state-synthesized 3-LiVOPO 4 . Our results highlight the role of high-energy ball milling in limiting the true multi-electron redox and promoting interfacial side reactions in 3-LiVOPO 4 , irrespective of cycling conditions. By systematically tracking the evolution of V valence and local structure for various states of discharge/charge through combined operando and rate-dependent ex situ investigation, we were able to separate the contributions of true V redox from those of side reactions. We further investigated the implications of these side reactions on the long-term cycling performance of the material by examining cycled samples. 4 was synthesized by a solid-state method using Li 2 CO 3 (Sigma-Aldrich, $99.0), NH 4 VO 3 (Sigma-Aldrich, 99.0) and NH 4 H 2 PO 4 (Sigma-Aldrich, $99.99) in a stoichiometric ratio of Li : V : P as 1 : 1 : 1. The precursors were subjected to planetary ball milling (Across International, PQ-N04) in acetone for 4 h. Aer drying, the powder was pressed into pellets and heated to 300 C for 5 h in an argon atmosphere to remove ammonia. The solid mixture was again heated to 800 C for 10 h in an argon atmosphere to form 3-LiVOPO 4 . The as-synthesized 3-LiVOPO 4 was subjected to high-energy ball milling (SPEX, 8000D) with acetylene black (Alfa Aesar, 100%) for 0.5 h. Ball milling was carried out at a speed of 2000 rpm using six small balls (1 g each) and two big balls (8 g each). A typical ball milling batch involved 0. 4 was mixed in hexane and stirred for 3 days. The chemically lithiated product was rinsed with hexane for 3 times and collected with ltration. All mixing, stirring and sample collection carried out inside the He-lled glovebox to avoid exposure to air. Phase purity of all references was conrmed by X-ray diffraction.
Experimental

3-LiVOPO
XAS measurements were carried out using the synchrotron facilities of Advanced Photon Source (APS) in USA and Diamond Light Source (DLS) in UK. Operando investigation was carried out at beamline 5BM of APS using the modied coin cell set-up described elsewhere, 38 while the rate-dependent ex situ investigation was performed at beamlines 9BM and 20BM of APS and beamline 18B of DLS. Measurements were carried out in the transmission mode using the Si(111) double crystal monochromator and an unfocussed incident beam. Specic details about each of the beamlines are reported in the ESI. † Absolute energy calibration of the monochromator was carried out by measuring reference foil of pure V simultaneously with the sample. Gas-lled ionization chambers were used to record intensities of the incident beam and the beam transmitted through the sample and the reference foil. All scans were energy-calibrated with respect to the rst peak in the derivative spectrum of pure V. Data processing was carried out as prescribed elsewhere, 39 using the soware ATHENA of the package IFEFFIT. 40 The normalized component of the EXAFS signal was converted from energy to wavenumber and the resultant c(k) signal was multiplied with k, 3 Fouriertransformed and le uncorrected for a phase shi. A theoretical c(k) function was generated by performing ab initio calculations on relevant structural models using the code FEFF8. 2 41 and least-square tted to data using the soware ARTEMIS of the package IFEFFIT.
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Results Fig. 1 illustrates the voltage proles of 3-LiVOPO 4 between 1.6-4.5 V using different rates. The capacities obtained during the rst discharge to 1.6 V and following charge up to 4.5 V are tabulated in Table 1 . Irrespective of rates, full capacity corresponding to insertion of 1Li (i.e., 153 mA h g À1 calculated based
on the molar mass of 3-Li 2 VOPO 4 ) is achieved during the rst discharge to 1.6 V. Excluding some hysteresis, charging back to 3.5 V also delivers nearly-full capacity at all rates, except at C/100 which delivers slightly higher capacity ( Table 1) . The material retains similar voltage proles at all rates with a gradually increasing 4.0 V-plateau at slower rates, revealing kinetic limitations of the high-voltage region. Again, a deviation is observed at C/100, where a step connecting the 2.5 V-and 4.0 V-plateaus becomes more sloping, delivering excess capacity. In order to track the reaction mechanism of 3-LiVOPO 4 , operando XAS measurements were carried out. The cell was rst discharged using a rate of C/20 (1C ¼ 153 mA g À1 assumed) and data collected for various predetermined states of discharge down to 1.6 V. At each state, the cell was held at the constantvoltage until the current reduced to minimum and then data acquired (Fig. 2a) . The normalized absorption spectra in Fig. 2c show a gradual shi in the position of the main edge towards lower energy and a reduction in the intensity of the pre-edge peak during discharge. The total of 171 mA h g À1 obtained during discharge to 1.6 V exceeds the theoretical value 153 mA h g À1 for insertion of 1Li in 3-LiVOPO 4 . Despite this, the pre-edge region does not fully evolve to that of the 3-Li 2 VOPO 4 reference. This disagreement between the inserted charge and evolved V valence evidences side reactions in the low-voltage region. Subsequent charging to an upper cut-off voltage of 4.5 V was carried out at a much faster rate of C/4, followed by a constantvoltage step of 8 h (Fig. 2b) . The total charge capacity of 290 mA h g À1 (the sum of 232 mA h g À1 obtained from constantcurrent charging at C/4 and 58 mA h g À1 from constant-voltage holding) corresponds to $95% of the theoretical capacity 305 mA h g À1 for extraction of 2Li. Correspondingly, the V Kedge of the material is expected to nearly fully evolve to that of the 3-VOPO 4 reference. Quite contrarily, the main V K-edge is positioned in-between those of the pristine material and 3-VOPO 4 reference, with a signicant contribution from the pristine material as evident in the pre-edge region (Fig. 2d) . Once again, the disagreement between the extracted charge and evolved V valence evidences side reactions in the high-voltage region, but with signicantly higher contributions than in the low-voltage region.
To develop better insight into the conditions promoting side reactions, rate-dependent ex situ XAS investigation was carried out. The normalized V K-edge absorption spectra of 3-LiVOPO 4 samples discharged/charged using different rates are presented in ESI Fig. S2 . † For the sake of clarity and ease of comparison, the pre-edge regions and EXAFS data of these samples are presented here in Fig. 3 . As observed during operando XAS measurements, none of the ex situ samples discharged to 1.6 V show complete evolution of their V valence to 3+ (Fig. 3a) , though full capacity corresponding to insertion of 1Li was achieved at all rates (Table 1) . EXAFS data also show that the local structure of discharged samples is very similar yet not fully evolved to that of the 3-Li 2 VOPO 4 reference (Fig. 3d) . Interestingly, the disagreement increases at slower rates, which is opposite to what would be expected if the reactions were kinetically-limited. Similar trend is observed for samples charged back to 3.5 V, with all of them delivering nearly full capacity corresponding to extraction of 1Li (Table 1) , but only those charged at relatively faster rates of C/10 and C/20 + 10 h CV show more complete oxidation of V 3+ to V 4+ ( Fig. 3b ) and evolution of local structure back to that of the pristine 3-LiVOPO 4 (Fig. 3e ). These observations indicate that slower rates tend to promote more side reactions in the low-voltage region.
As shown in Fig. 3c , all samples charged to 4.5 V demonstrate mixed contributions from the pristine 3-LiVOPO 4 and delithiated 3-VOPO 4 phases, with the contribution of 3-VOPO 4 phase increasing at slower rates. Correspondingly, the EXAFS data of these samples represent the average local structure of both 3-LiVOPO 4 and 3-VOPO 4 phases. These results conrm kinetic limitations of the high-voltage region as also evidenced in the voltage proles. Based on qualitative similarities, EXAFS data of the samples discharged to 1.6 V and charged to 3.5 V were explained based on the triclinic structure of 3-Li 2 VOPO 4 27 and 3-LiVOPO 4 , and therefore, less distorted local structure in comparison to triclinic 3-LiVOPO 4 gives rise to more intense EXAFS peaks for 3-VOPO 4 . Under these circumstances and due to high correlations among various tting parameters, 44,45 estimation of relative fractions of 3-VOPO 4 and 3-LiVOPO 4 phases samples charged to charged 4.5 V based on EXAFS tting would not be reliable. Notably, EXAFS data of samples charged to 4.5 V were best explained based on 3-LiVOPO 4 structure, since the average local structure of both 3-LiVOPO 4 and 3-VOPO 4 phases may appear closer to that of highly distorted 3-LiVOPO 4 . A good agreement between the data and ts for all samples can be seen in Fig. S4 . † Details about EXAFS tting procedure are presented in ESI. † Fig. 1 Voltage profiles of 3-LiVOPO 4 during first discharge to 1.6 V and subsequent charge to 4.5 V using different rates. detected by LCF as summarized in Table 2 clearly shows that slower rates and/or constant-voltage steps give rise to higher fractions of V 5+ upon charge, but there remains a huge difference between the observed and expected fraction of V 5+ at all
rates. An estimate of capacity based on the observed fraction of V
5+
, which corresponds to the true electrochemical deintercalation and its comparison with the observed capacity in Table 3 reveals signicant contributions from side reactions in the high-voltage region, irrespective of rates, as illustrated in Fig. 5 . Similar LCF analysis of samples discharged to 1.6 V revealed only $10% of residual V 4+ at C/10 and C/20 + 10 h, which increased to $14% at slower rates of C/50 and C/100. This corresponds to the unaccounted capacity of 15-20 mA h g À1 , which is signicantly smaller in comparison to that observed in the high-voltage region.
To investigate the implications of side reactions on the longterm cycling performance of the material, discharged/charged samples were examined aer 10 cycles. As can be seen in Fig. 6a , the voltage proles in the 1st and 10th cycles remain quite similar and so does the capacity delivered, indicating stable cycling performance of the material. The pre-edge region of samples discharged to 1.6 V on the 1st and 10th cycles evolve identically and do not show complete reduction to V 3+ .
However, the sample charged to 4.5 V on the 10th cycle clearly exhibits higher V 5+ in comparison to that observed in the 1st cycle for the same capacity delivered. These results indicate improved participation of the high-voltage V 5+ /V 4+ redox upon cycling. In other words, side reactions of high-voltage region gradually diminish upon cycling.
Discussion
3-LiVOPO 4 is a pseudo one-dimensional Li-ion conductor with low electronic conductivity. 21,31 Thus, smaller particle size, leading to shorter Li-ion diffusion pathways and higher specic surface area together with improved particle-carbon contacts are recommended. 11, 13, 17, 21 Consequently, HEBM is an indispensable step in solid-state synthesize of 3-LiVOPO 4 .
34 However, our recent study showed that HEBM of 3-LiVOPO 4 with carbon also induces some reduction of V 4+ to V 3+ in addition to deteriorating bulk crystallinity of the material. 34 Since the starting material is a stoichiometric 3-LiVOPO 4 , it is reasonable to assume that the HEBM-induced reduction of V 4+ may be associated with oxygen loss, giving rise to high concentrations of oxygen vacancies in active electrode particles. It has been shown that electrochemical insertion of Li into 3-LiVOPO 4 is kinetically favored compared to extraction of Li from 3-LiVOPO 4 .
31 Under these circumstances and despite achieving the full capacity, the observed discrepancy in the V valence indicates that a small portion of total discharge capacity at 1.6 V can be attributed to reactions other than the true electrochemical intercalation, such as the formation of cathode-electrolyte interface (CEI) as reported previously.
30 Interestingly, slower rates (C/50 and C/ 100) and constant-voltage steps do not necessarily facilitate the complete reduction of V 4+ to V 3+ , but likely promote thicker and unstable CEI, reaching or exceeding the theoretical capacity but with higher residual V 4+ in comparison to faster rates. These results highlight the role of HEBM-induced structural distortions in limiting the otherwise facile insertion of full 1Li into 3-LiVOPO 4 , since such limitations have not been encountered upon electrochemical lithiation of 3-VOPO 4 obtained by HEBMfree hydrothermal synthesis. 37 Moreover, in the absence of rate- Table 2 ) multiplied by the theoretical capacity for 1Li (i.e., 153 mA h g À1 ).
b ¼ Observed charge capacity from 3.5-4.5 V (see Table 1 ).
c ¼ b À a. /V 4+ redox with pronounced side reactions contributions in the high-voltage region. This is shown by higher discrepancy between the observed (Obs.) and expected (Exp.) V valence for the sample charged to 4.5 V than for the sample discharged to 1.6 V at the slowest rate of C/100. dependent investigation and 3-Li 2 VOPO 4 endmember reference presented herein, the side reactions of low-voltage region would have gone undetected as in the previous studies.
22,31,32
Li extraction from 3-Li 2 VOPO 4 during subsequent charge up to 3.5 V is expected to proceed via simultaneous oxidation of V 3+ to V 4+ , thus reforming the original 3-LiVOPO 4 . Due to favorable kinetics of the low-voltage region, nearly full capacity corresponding to extraction of 1Li is obtained during charge to 3.5 V at all rates (Table 1) . However, the presence of some residual V 3+ at slower rates of C/50 and C/100, despite achieving the full capacity, suggests that a small portion of charge capacity at 3.5 V may come from partial decomposition of unstable CEI.
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These results reiterate that slower rates do not necessarily overcome the kinetic limitations imposed by HEBM, but rather promote more side reactions in the low-voltage region.
Further Li extraction from 3-LiVOPO 4 during charge between 3.5 V-4.5 V is confronted by sluggish kinetics. 31 Consequently, operando XAS, where charging was carried out at a much faster rate of C/4, involved a constant-voltage step at 4.5 V (Fig. 2b) . . However, it appears unrealistic when compared with the fraction of V 5+ observed as 0.11 upon charging at C/10 ( Table 2 ). Since slower rates mitigate sluggish kinetics, the observed fraction of V 5+ at C/4 cannot be higher than at C/10, unless a constant-voltage step employed at the end of constant-current charging of C/4 is also contributing towards electrochemical deintercalation reactions. Similar trend is observed for samples charged at C/20 + 10 h CV and C/ 50, as both these samples demonstrated comparable fractions of V 5+ (Table 2 ). These results suggest that the total capacity during charge between 3.5-4.5 V, with or without constantvoltage steps, has contributions from both the sluggish electrochemical deintercalation processes and interfacial side reactions. In fact, these two processes are so closely intertwined in the high-voltage region that they cannot be distinguished by mere examination of voltage proles. For instance, voltage proles during charge at C/10, C/20, C/50 look alike with a gradually increasing 4.0 V-plateau with decreasing rates, as expected for the kinetically sluggish V 5+ /V 4+ redox. The difference becomes noteworthy only at extremely slow rate of C/100, which also delivers excess capacity (Fig. 1) . Nonetheless, all of them have contribution that is unaccounted for the V 5+ /V 4+ redox and therefore, originating from interfacial side reactions (Fig. 5) . The observed unaccounted capacity during charge between 3.5-4.5 V largely remains unchanged with decreasing rates (Fig. 5) . As a result, it does not appear to be a capacitive contribution, which is otherwise shown to decrease at slower rates in case of ultrathin VOPO 4 nanosheets. 46 This gives rise to another speculation about the stability of electrochemically delithiated phase 3-VOPO 4 in contact with the electrolyte, particularly, since 3-VOPO 4 is a commercial catalyst. However, our recent report on hydrothermally-synthesized (ball millingfree approach) 3-VOPO 4 with highly crystalline primary particles of $100-200 nm demonstrated the full theoretical capacity for reversible intercalation of 2Li without any indication of side reactions, since the observed V valence directly correlated with the charge inserted/extracted. 37 This report conrms that the observed side reactions in case of solid-state-synthesized 3-LiVOPO 4 are neither intrinsic to vanadyl phosphates nor due to a capacitive contribution, but are the consequences of sluggish kinetics compounded by the HEBM-induced structural distortions and/or defects (i.e., oxygen vacancies). Slower rates and constant-voltage steps do alleviate kinetic barriers of the highvoltage region to some extent, but longer exposures between the active electrode particles and electrolyte inadvertently result into interfacial side reactions (Fig. 5 ). Identifying these side reactions is beyond the scope of the present work and should be the subject of future investigation. As such, understanding the role of interfacial side reactions remains a major challenge for the battery community. The dynamic nature of these reactions which involve lighter species that are prone to radiation damage pose additional complexity and calls for in situ/operando investigation, preferably using so-XAS and specially designed cell architecture, as demonstrated by Liu et al. 47 Furthermore, the experimental data need to be complemented by theoretical simulations (i.e. beyond DFT calculations).
Interfacial side reactions could also be, to some extent, selflimiting in nature. This can be observed by an improved contribution of the V 5+ /V 4+ redox upon cycling in Fig. 6 . It is likely that species deposited on active electrode particles as a result of interfacial side reactions may passivate the electrode surface for further side reactions upon cycling, albeit at a cost of increased cell impedance. In fact, one plausible way to mitigate side reactions could be to prevent direct contacts between active particles and the electrolyte using surface coatings. 34 Another approach may involve partial restoration of material's crystallinity using post-annealing treatments. However, a careful control over annealing temperature and time must be necessary to avoid excessive grain growth, which could be detrimental due to poor transport properties of the material. While both these approaches may mitigate but not suppress side reactions completely, preserving the bulk crystallinity and defect-free structure of active material through nanoengineering, as demonstrated for highly crystalline, nano-sized 3-VOPO 4 , 37 seems to be the only remedy.
Conclusions
In summary, our ndings reveal the role of HEBM in limiting the true multi-electron redox in 3-LiVOPO 4 . Structural distortions caused by HEBM restrict the otherwise facile insertion of second Li into 3-LiVOPO 4 during discharge, though to a limited extent due to favorable kinetics of the low-voltage region. On the other hand, inherently sluggish kinetics of the high-voltage region are further compounded by HEBM-induced disorder/ defects and pave the way for signicant side reaction contributions, irrespective of cycling conditions. Thus, the elementselective nature of XAS provides a unique opportunity to monitor the electrochemical processes in Li-ion batteries and separate the contributions of pure intercalation/deintercalation reactions from those of side reactions. 
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